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1. I n t r o d u c t i o n  

Recent ly ,  t h e o r e t i c a l l y  determined p r o f i l e  drags have been /5938 
used with i n c r e a s i n g  frequency i n  the s e l e c t i o n  of  a p r o f i l e ,  
for i n s t a n c e  f o r  t h e  s a i l p l a n e s  FS 24 Phoenix 111, SB 6 121, 
SB 7 and BS 1. Comparing such t h e o r e t i c a l  d r a g s  wi th  exper imenta l  
r e s u l t s  shows the  e x t e n t  t o  which t h i s  procedure i s  v a l i d ,  s av ing ,  
as i t  does,  a cons ide rab le  amount of  t i m e  and money. 

2. Features  of  T h e o r e t i c a l  Drag Ca lcu la t ion  

The c a l c u l a t i o n  of  the  t h e o r e t i c a l  d r a g  starts from p r e s s u r e  
d i s t r i b u t i o n s  around t h e  wing p r o f i l e s ,  as de r ive& from p o t e n t i a l  
theory .  With t h e  a id  o f  boundary-layer t heo ry ,  t he  a s s m i a t e 5  
f r i c t i o n  drags are determined. T h i s  means that t h e  so-ca l led  
form drag of  wing p r o f i l e s ,  which i s  based on more e x t e n s i v e  
flow s e p a r a t i o n ,  i s  not  c a l c u l a t e d .  It i s  t r u e  t h a t  boundary- 
layer theory  can provide  c l u e s  as t o  t h e  expected p o i n t  of  
sepirrat ion o f  t h e  flow, and t h u s  es tab l i sh  whether an a d d i t i o n a l  
form d rag  can be a n t i c i p a t e d ;  it s a y s  noth ing ,  however, about 
t h e  magnitude o f  t h i s  drag. Hence, t he  t h e o r e t i c a l  drag does 
not  mean much un le s s  f r i c t i o n  drag a lone  i s  t h e  c r u c i a l  f a c t o r .  
It w i l l  t u r n  out  t h a t  t h i s  i s  t r u e  o-\rer a wider range than  had 
been gene ra l ly  be l ieved .  

Ca lcu la t ing  f r i c t i o n  drag r e q u i r e s  a c e r t a i n  amount of 
care, I f  t h e  r e s u l t s  are t o  be re l iab le .  I n  p a r t i c u l a r ,  t h e  
c a l c u l a t i o n  should take I n t o  account t h e  d i f f e r e n c e  between 
laminar  and t u r b u l e n t  f r i c t i o n ,  and t h u s  t h e  t r a n s i t i o n  from 
a laminar  boundary layer t o  a t u r b u l e n t  one. This  i s  accompllshsd 
w i t h  t he  a id  o f  va r lous  advances i n  t h e  f i e l d  of  boundary-layer 
c a l c u l a t i o n s ,  which are c u r r e n t l y  be ing  publ ished [3] .  For t h e  
boundary-layer t r a n s i t i o n ,  one must no t  only f i n d  t h e  i n s t a b i l i t y  

Numbers in t h e  margin i n d i c a t e  pag ina t ion  i n  t h e  f o r e i g n  t e x t .  
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of  the  laminar  boundary l a y e r ,  bu t  a l s o  recognize  tha t  there 
w i l l  b e  a c e r t a i n  d i s t a n c e ,  depending on the so-ca l led  Reynolds 
number R e ,  between the i n s t a b i l i t y  and the  beginning o f  the  
t u r b u l e n t  boundary l a y e r ,  i.e. t h e  t r a n s i t i o n .  Determinat ion 
of t h i s  d i s t a n c e  draws on exper imenta l  r e s u l t s .  

The boundary-layer t r a n s i t i o n  r e q u i r e s  p a r t i c u l a r  a t t e n t i o n  
I n  ano the r  r e s p e c t  as w e l l .  A t  low Reynolds numbers, t h e  
t u r b u l e n t  boundary l a y e r  f r e q u e n t l y d e v e l o p s  i n  experiments  some 
d i s t a n c e  beyond the end o r  s e p a r a t i o n  oI' the laminar  boundary 
layer [4] .  Theory a l s o  provides  c l u e s  t o  t h i s  phenomenon, 
f r e q u e n t l y  c a l l e d  a " sepa ra t ion  bubble." As r e p o r t e d  i n  de t a i l  
i n  [3J ,  i f  t h e  theo ry  does no t  f i n d  the boundary-layer t r a n s i t i o n  
t o  b e  ahead of the  laminar  s e p a r a t i o n  p o i n t  (a t  low R e  numbers), 
the  c a l c u l a t i o n  must be  cont inued from t h e  l a t t e r  p o i n t ,  s t a r t i n g  
immediately w i t h  t h e  formulas f o r  the  completely t u r b u l e n t  
boundary layer.  Although t h i s  does no t  c o r r e c t l y  r e f l ec t  
c o n d i t i o n s  i n  a laminar  bubble,  it has been found t h a t  the  
energy exchange allowed f o r  i n  t h e  t u r b u l e n t  boundary layer  i s  
f r e q u e n t l y  not  s u f f i c i e n t  t o  r a p i d l y  e l i m i n a t e  t h e  tendency o f  
t h e  laminar  boundary layer t o  separate. I n  place of t h e  
s e p a r a t i o n  bubble,  a t u r b u l e n t  boundary layer i s  t h e n  c a l c u l a t e d ,  
t h e  form of which remains c l o s e  t o  s e p a r a t i o n  for some d i s t a n c e .  
T h i s  pure ly  t h e o r e t i c a l  r e s u l t ,  termed a "bubble analog" has 
many paral le ls  w i t h  t h e  s e p a r a t i o n  bubble .  It almost never  
occurs  u n l e s s  t h e  laminar  c a l c u l a t i o n  proceeds t o  s e p a r a t i c n ,  
without  t h e  t r a n s i t i o n  cond i t ion  be ing  sa t i s f ied ,  and it i s  
very s e n s i t i v e  t o  the  p r e s s u r e  d i s t r i b u t i o n  nea r  t h e  s e p a r a t i o n  
p o i n t .  I f ,  fo l lowing  laminar  s e p a r a t i o n ,  there  i s  a s t r e t c h  w i t h  
a low p r e s s u r e  g r a d i e n t ,  a healthy t u r b u l e n t  boundary layer  can 

c a l c u l a t i o n ,  laminar  s e p a r a t i o n  i s  followed by a steeper 
p r e s s u r e  g r a d i e n t ,  t h e  bubble ana log  appears up t o  R e  = 2.5 10 . 

6 develop down t o  Reynolds numbers about 0 .25  1 0  ; i f ,  i n  t he  

6 
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Since ,  i n  the bubble ana log ,  there is  more energy t r a n s p o r t  
t o  the  wall t h a n  should be p r e s e n t  i n  t h e  bubble i t se l f ,  it 
seems reasonab le  t o  expec t  bubbles  i n  experiments  whenever the 
theo ry  e x h i b i t s  a bubble analog;  at  least one g o a l  i n  the 
t h e o r e t i c a l  development o f  p r o f i l e s  ought to b e  the d isappearance  
o f  t he  bubble analog.  

As i n  t he  case o f  f i n a l  s e p a r a t i o n ,  t h i s  ana log  cannot 
account f o r  the drag i n c r e a s e  genera ted  by t h e  bubble i t se l f .  
It can only  i n d i c a t e  t h a t  a n  a d d i t i o n a l  bubble drag o f  unknown 
magnitude must b e  expected.  I n  a l l  the  t h e o r e t i c a l  drag curves  
below, t h i s  i s  i n d i c a t e d  by showing them as s o l i d  l i n e s  without  
the  bubble analog,  and as broken l i n e s  w i t h  i t .  A t h e o r e t i c a l  
drag curve i s  t h e r e f o r e  t o o  f avorab le  by an  unknown amount, xhen 
it  i s  a broken curve.  This  w i l l  be  i l l u s t r a t e d  by the  
fo l lowing  diagrams. 

c 

0 

Fig .  1. The t h e o r e t i c a l l y  and 
exper imenta l ly  s t u d i e d  p r o f i l e  
w i t h  v e l o c i t y  d i s t r i b u t i o n s  
U ( x )  f o r  4 ang les  of a t t a c k .  

'3. T h e o r e t i c a l  R e s u l t s  f o r  an  
Examp 1 e 

F ig .  1 dep ic t s  a wing p r o f i l e  
w i t h  some p o t e n t i a l - t h e o r e t i c a l  
v e l o c i t y  d i s t r i b u t i o n s  U (x). 
This  is t h e  well-known p i c t u r e .  
For a large ang le  of  a t t a c k  a ,  

the  v e l o c i t y  U a t  t h e  nose i s  
large on the  upper s ide  and small 
on the  lower s ide .  Accordingly,  
i f  a i s  large,  t he re  i s  a large 
v e l o c i t y  drop ( p r e s s u r e  g r a d i e n t )  
on t h e  upper s i d e ,  and a small 
one on t h e  iower s ide .  The ang le s  
of a t tack always are expressed 

r e l a t i v e  t o  t he  h o r i z o n t a l  l i n e  i n  F i g .  1. 
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The mathematical method by which the  po ten t i a l - theo ry  
connect ion between p r o f i l e  shape and v e l o c i t y  d i s t r i b u t i o n  is  
determined is not  i n h e r e n t l y  impor tan t ,  as long  as the neg lec t ed  
terms me not  too  large. 
and o f  assuming s i n g u l a r i t i e s  a long  the p r o f i l e  contour  [6] 
are n e v e r t h e l e s s  preferable t o  approximations which assume 
s i n g u l a r i t i e s  a long  the  p r o f i l e  chord. The p r o f i l e  d e p i c t e d  i n  
F ig .  1 was c a l c u l a t e d  by methods of  [ 5 ]  from c e r t a i n  p r o p e r t i e s  
of t h e  v e l o c i t y  d i s t r i b u t i o n ,  described e.g. by A.  Raspet [7]. 
A change i n  t h e  ang le  of a t tack  i s  easy t o  handle  once the 
v e l o c i t y  d i s t r i b u t i o n  i s  known f o r  one va lue  of a. I n  r ea l i t y ,  
many more va lues  of a were allowed f o r  t han  are shown i n  Fig. 1. 

The methods of  conformal mapping [51  - 1594 

Fig .  2. T h e o r e t i c a l  drag 
c o e f f i c i e n t s  cd f o r  4 Reynolds 
numbers, p l o t t e d  a g a i n s t  a. 

For each  v e l o c i t y  d i s t r i b u t i o n  
corresponding to one of  t h e  
many va lues  o f  a ,  t he  boundary- 
layer c a l c u l a t i o n  W ~ S  c a r r i e d  
out  for f o u r  R e  numbers. The 
c a l c u l a t e d  drag c o e f f i c i e n t s  
cd are p l o t t e d  a g a i n s t  a i n  Fig.  2. 
A s  mentioned i n  t h e  preceeding  
s e c t i o n ,  t h e  bubble ana log  i s  
i n d i c a t e d  by a broken l i n e .  
Therefore ,  a d d i t i o n a l  bubble 
drag must b e  a n t i c i p a t e d  where 
t h e  curves  are broken. 

4 .  Comparison wi th  Experimental  Drags 

The p r o f i l e  of  F ig .  1 was s t u d i e d  not  only t h e o r e t i c a l l y ,  
but  a l s o  exper imenta l ly  I n  g r e a t  d e t a i l .  F ig .  3 d e p i c t s  t h e  
exper imenta l  curves  corresponding p rec i se ly  t o  t h o s e  i n  F ig .  2 
w i t h  respect  t o  Reynolds number and s c a l e .  The exper imenta l  

4 
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curves  were ob ta ined  with a high 
degree  of accuracy by F. X. Wortmann 
and G .  Althaus.' 
t h e o r e t i c a l  curves  do no t  seem 
very simiiar t o  t h e  exper imenta l  
ones. The comparisons o f  
t heo re t i ca l  and exper imenta l  
curves  shown i n  Figs .  4 through 
7 f o r  the f o u r  Reynolds numbers 
demonstrate ,  however, that t he  
large d i s c r e p a n c i e s  occur  a lmost  

A t  f irst ,  the  

-. . e n t i r e l y  where the t h e o r e t i c a l  
l i n e s  are broken, and t h u s  where 
the  theo ry  sugges t s  t he  r i s k  of  

Fig.  3 .  Experimental  drag laminar  bubbles .  I n  fact ,  t he  
bubbles were always c l e a r l y  
recognized i n  t he  experiments ,  

c o e f f i c i e n t s  cd f o r  4 R e  
numbers, p l o t t e d  a g a i n s t  a. 

whenever the drags were unexpectedly large. 

I n d i v i d u a l l y ,  t h e  diagrams 
provide  even more informat ion .  
F ig .  4 shows t h a t  t h e  c a l c u l a t e d  
drag c o e f f i c i e n t s  ag ree  e x c e l l e n t l y  

6 w i t h  theo ry  a t  Re = 3 1 0  , and 
only t h e  very small laminar  
"bucket" w i t h i n  which theory  
p r e d i c t s  laminar  f low on t h e  
upper and lower s ides  s imul taneous ly ,  
was no t  confirmed by t h e  

19 experiment.  This  i s  not  s u r p r i s i n g ,  
s i n c e  t h e  measured p o i n t s  are 

I 
i CdXlOO I 

co .wl ! . - I 
0 e, . .  

Fig .  4 .  Comparison of  t h e o r e t i -  f u r t h e r  apart than  the  c a l c u l a t e d  

c-d (a> a t  Re = 3 106. 
cal and cwves for ones,  and s i n c e  t h e  laminar 

' I n s t i t u t e  f o r  Aeordynamics and Gas Dynandcs a t  S t u t t g a r t  
Technical  Academy, Prof. A .  Weise. 
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boundary l a y e r s  are c l o s e  t o  t r a n s i t i o n ,  which w i l l  make the 
measurements very s e n s i t i v e  and will t e n d  t o  s c a t t e r  them. 
Note Parthul'arly t h e  agreement o u t s i d e  the  laminar W e f ; '  where 

ei ther  the upper side o r  lower s i d e  has a predominantly t u r b u l e n t  
boundary l a y e r .  

F ig .  5 d e p i c t s  t h e  comparison d 
6 a t  R e  = 2.0 1 0  . Here zga ln ,  

t he  t h e o r - t i c a l  Bwketii;srnrPt 
found i n  t he  experiment;  o ther -  
wise, t h e  agreement i s  good. 

With the  Reynolds number of 
6 R e  = 1 .5  1 0  f o r  t h e  diagram 

i n  Fig. 6 ,  theory  f o r  the first t i m e  
e x h i b i t s  a bubble ana log ,  riamely 
f o r  small ang le s  of att9-k on 
the  hsper s ide  of the  p r o f i l c .  

a¶ I u - 0- - A 1  

Fig .  5. Comparison of This  immediately makes t h e  
agreement much wc-se, a l though t h e o r e t i c a l  and experimental  

curves , for  ca ( a )  a t  R e  = 
7. 

2 106. t he  t h e o r e t i c a l  r e s u l t s  remain 
good i n  t h e  o t h e r  r eg ions ,  
i n c l u d i n g  the  laminar  (bucket. 

For the  s m a l l e s t  of t h e  f o u r  Reynolds numbers, namely 
6 R e  = 1 0  , there  i s  even more b u b b l e  ana log  i n  t he  t h e c r y ,  occu r r iqg  

t o  some e x t e n t  on the unders ide  of  t he  p r o f i l e  as wel l .  
experiment (Fig. ?)  a l s o  e x h i b i t s  t h e  bubble ,  and correspondingly 
h igh  drag.  Whe1.e there  are no bubbles ,  t h e  t h e o r e t i c a l  laminar  

b h k e t l s  reproduced well ,  t o g e t h e r  w i t h  t h e  r e g i o n  above i t .  

The 

On the whole, theory  t h u s  provides  good r e s u l t s ,  p a r t i c u l a r l y  
w i t h  regard t o  bubble aps logs .  
ana log  f o r  p r a c t i c a l  f l i g h t  s i t u a t i o n s ,  t he  r i s k  of  a n  a c t u a l  

If theory  does not  p r e d i c t  t h i s  

6 
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Fig .  6. Comparison of 
t h e o r e t i c a l  and exper imenta l  
curves  f o r  ca (a) a t  
Re = 1.5 106. 

occurence of bubbles w i l l  a l s o  
be  srall. O f  course ,  it must 
b e  remembered that i n  free 
f l i g h t  w i th  f a l l i n g  ang le  of 
a t tack,  the  Reynolds number 
i n c r e a s e s .  I n  our  example, 
t h i s  means tha t  few bubbles must 
be  feared i n  f r e e  f l i g h t ,  s i n c e  
the  small ang le s  o f  a t t a c i c , f o r  
which bubbles  occur  a t  small 
Reynolds numbers, w i l l  only be 
achieved at  high speeds and t h u s  
h igh  Reynolds numbers. Never the less ,  
the  p r o f i l e  i n  F ig .  1 i s  no 
longe r  t h e  best c a l a n l a t e d  one. 
We used it  as a n  example, 
because it is t he  one f o r  which 
Lhe most exhaus t ive  measurements 
have been made. 

... - 

Fig .  7.  Comparison of  
t h e o r e t i c a l  and exper imenta l  
curves  f o r  cd ( a )  at  
Re = 1 . 0  106. 

5. L i f t  P r o p e r t i e s  

Although t h e  p r i n c i p a l  
purpose o f  t h i s  r e p o r t  i s  t o  
examine t h e  t h e o r e t i c a l  d rag  
c a l c u l a t i o n ,  a br ie f  comparison 
w i t h  r ega rd  t o  l i f t  would s t i l l  
be  va luab le ,  s i n c e  t h e  dependence 
o f  drag on l i f t  i s  c r u c i a l  f o r  
a i r c ra f t  performance. 

P o t e n t i a l  theory  y i e l d s  
only  t h s  ang le  of a t t a c k  of zero  
l i f t  and i n c r e a s e  i n  t h e  l i f t  

7 



c o e f f i c i e n t  cg  for the p r o f i l e .  
shown i n  Fig. 8. It i s  known that this p o t e n t i a l - t h e o r e t i c a l  
l i f t  i s  not  achieved,  because of  boundary-layer displacement  

have been made, e.g. i n  [8], t o  estimate the  e f f e c t  o f  boundary- 
l a y e r  displacement  on l i f t .  T h i s  would a l s o  be easy t o  do w i t h  
the presen t  boundary-layer r e s u l t s .  However, i n  many cases, 
t h e  p r i m a r y  e f f e c t  w i l l  be t h a t  of small boundary-layer 
s e p a r a t i o n s  nea r  the t r a i l i n g  edge. T h e o r e t i c a l  a n a l y s i s  of 
t h i s  e f f e c t  is a f i e l d  i n  i t s e l f ,  and invo lves  problems which 
probably cannot be so lved  r e l i a b l y  except  by wake -neory.  However, 
t n e  gene ra l  ca se  i n  t ha t  theory  has no t  been solved mathematically. 

This i s  the s t r a i g h t  l i n e  

and small f low s e p a r a t i o n s  nea r  the  t r a i l i n g  eage. Attempts  - /595 

Since  boundary-layer theory  
provides  a t  least a c l u e  t o  the  
p o i n t  o f  s e p a r a t i o n ,  exper imenta l  
l i f t  loss can be compared with 
the  p o s i t i o n  of t h e  p o i n t  of  
s e p a r a t i o n  a t  R e  = 2 10  i n  
Fig.  8 .  AxA denotes  t he  
d i s t a n c e  from the p o i n t  of  
s e p a r t i o n  on the  upper s ide  
t o  t h e  t r a i l i n g  edge ( r e l a t i v e  
t o  p r o f i l e  Ohord ) .  For 
s i m p l i c i t y ,  t he  scale f o r  
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Fig .  8. T h e o r e t i c a l  and p l o t t i n g  t h i s  v a r i a b l e  i n  F ig .  II 
exper imenta l  iu rve  f o r  l i f t  
c o e f f i c i e n t  C I  as a f u n c t i o n  i s  the same as t h e  c l  s c a l e .  
o f  a.  
s e p a r a t i o n  on the upper 
s i d e  and v e l o c i t y  a t  t h i s  

PositiGn o f  p o i n t  of  It should t h e r e f o r e  be noted 
t h a t  f o r  1 0  AxA = 0 . 5 ,  s e p a r a t i o n  

p o i n t .  occurs  0 .05  chord depths  o r  5% 

t r a i l i n g  depth .  The s e p a r a t i o n s  shown a r e  t h e r e f o r e  always 
small. Neve r th t l e s s ,  there  i s  a conspicuous r e l a t i o n s h i p  between 
AxA and l i f t  l o s s .  

of the  chord lepgthfrom t h e  

Even a t  a = 0 ,  where the s e p a r a t i o n  begins  
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t o  migra te  forward a t  a very slow r a t e ,  and a p p r e c i a b l e  l i f t  
l o s s  can be observed. It i s  noteworthy that the  s e p a r a t i o n s  
do no t  cause  any maJor i n c r e a s e  i n  drag i n  t he  angle-of-at tack 
r eg ion  of this l i f t  loss, as i n d i c a t e d  by F ig .  5. This i s  
c o n s i s t e n t  with the r e s u l t s  of  wake theo ry ,  accord ing  t o  which 
flow s e p a r a t i o n  does no t  cause  drag t o  i n c r e a s e  as long  a s  t h e  
flow v e l o c i t y  a t  s e p a r a t i o n  i s  no greater than  t h e  r e l a t i v e  
a i r  speed Cg]. Therefore ,  F ig .  8 a l s o  inc ludes  t h e  r a t i o  
U between flow v e l o c i t y  a t  the c a l c u l a t e d  p o i n t  of  s z p a r a t i o n  
and r e l a t i v e  a i r  speed. I n  f a c t ,  i n  t h e  r eg ion  of i n t e r e s t ,  
t h i s  v a l u e  i s  not  much greater t h a n  1, which confirms t h e  
a p p l i c a b i l i t y  of  t h e  wake-theoreti<ai-.results. 

Unfor tuna te ly ,  t h i s  f i n d i n g  does not  mean t h a t  small 
s e p a r a t i o n s  can be  t o l e r a t e d  without  d i sadvantage .  I n  mar.7 
cases ,  there  may well  be no i n c r e a s e  i n  drag; n e v e r t h e l e s s ,  
t h e  l i f t  loss i s  j u s t  as harmful f w  the  p o l a r  diagram, i n  
which drag i s  p l o t t e d  a g a i n s t  l i f t .  The d iscovery  tha t  t h e  
p r i n c i p a l  harm of small s e p a r a t i o n s  i o  t h e i r  e f f e c t  on l i f t  
has s t i m u l a t e d  f u r t h e r  i n v e s t i g a t i o n s ,  which w i l l  c e r t a i n l y  
provide  a number of va luab le  r e s u l t s .  

6 .  Summary 

Care fu l  comparisons of t h e o r e t i c a l  and exper imenta l  
p r o f i l e  drags i n d i c a t e  t h a t  t h e  I n c r e a s i n g  use of  t h e o r e t i c a l  
drag c a l c u l a t i o n s  i s  j u s t i f i e d .  
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